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ABSTRACT 

This  r e p o r t  d e a l s . w i t h  t h e  thermal design of t h e  S-15 payload 
(Explorer X I ,  Gamma Ray Astronomy S a t e l l i t e )  placed i n t o  o r b i t  by t h e  
19E Juno I1 v e h i c l e  on Apr i l  27, 1961. The d iscuss ions  include: (1) 
need for thermal design, (2) approach used, (3) t h e o r e t i c a l  model, (4) 
des ign  tests, and (5) comparison of a c t u a l  i n - o r b i t  da t a  wi th  t h e o r e t i c a l  
data.  
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TEMPERATURE CONTROL OF THE S-15 PAYLOAD 
(EXPLORER X I )  

W i l l i a m  C. Snoddy 

SUMMARY 

Thi s  r e p o r t  dea l s  with the. therma1 design of  t h e  S-15 payload 
(Explorer  X I ,  Gamma Ray Astronomy S a t e l l i t e )  p laced  i n t o  o r b i t  by t h e  
19E Juno I1 v e h i c l e  on A p r i l  27, 1961. The d iscuss ions  include: (1) 
need f o r  thermal design, (2) approach used, (3) t h e o r e t i c a l  model, ( 4 )  
des ign  tests, and (5) comparison of a c t u a l  i n - o r b i t  da t a  wi th  t h e o r e t i c a l  
data. 

SECTION I. INTRODUCTION 

The NASA S-15 payload (Explorer XI) i s  known as the  Gawna Ray 
Telescope S a t e l l i t e  (FIG. 1 and 2) and has  a s  i t s  major o b j e c t i v e  t h e  
d e t e c t i o n  and measurement of ene rge t i c  cosmic gamma r a d i a t i o n  i n  t h e  
100 mev reg ion  (1). It was constructed,  assembled, and t e s t e d  by t h e  
Marshall  Space F l i g h t  Center (FIG. 3); t h e  experiment package was b u i l t  
and supp l i ed  by t h e  Massachusetts I n s t i t u t e  of Technology (FIG. 4 ) .  The 
payload w a s  placed i n  o r b i t  on Apri l  27, 1961 us ing  t h e  Juno I1 (19E) 
v e h i c l e  (2). I n i t i a l l y ,  i t  had an apogee of 1799.08 km; per igee  of 
490.81 km; i n c l i n a t i o n  of 28.80 degrees; and a per iod  of  108.12 minutes. 
The s a t e l l i t e  i s  powered by s o l a r  c e l l s  and can be commanded on and o f f  
by ground s t a t i o n s .  It i s  planned, however, t o  o p e r a t e  the payload a t  
l e a s t  one year  before  it is  comanded o f f .  When t h e  payload w a s  f i r s t  
p laced  i n  o r b i t ,  it was sp inning  a t  approximately 400 rpm about i t s  
l o n g i t u d i n a l  axis. Since t h i s  is an uns t ab le  ax i s ,  t h e  payload g radua l ly  
"opened up" i n t o  a f l a t  "propel le r - l ike"  s p i n  o r  tumble about an a x i s  
perpendicular  t o  t h e  o r i g i n a l  s p i n  axis,  with t h e  s p i n  about t h e  longi-  
t u d i n a l  axis going t o  zero. I f  angular momentum w a s  conserved, t h e  r a t i o  
of  t h e  rate of  s p i n  about t h e  f i n a l  a x i s  t o  the  r a t e  about t h e  i n i t i a l  
a x i s  was the  same a s  t h e  inve r se  of t h e  r a t i o  of t h e  moments of  i n e r t i a  
about t h e  r e s p e c t i v e  axes (3) .  The change of s p i n  mode was noted f o r  
Explorers  I, 111, and IV (4) which had t h e  same type of  mechanical 
conf igu ra t ion  a s  t h e  S-15 payload. 
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FIGURE 1. GAMMA RAY ASTRONOMY SATELLITE (S- 15) 
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FIGURE 2. ARTIST'S SKETCH O F  S-15 SATELLITE MTP-RP-6i-17 
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FIGURF: 4. MIT INSTRUMENT PACKAGE 



This  configurat ion was purposely chosen f o r  S-15 so t h a t  t h e  gamma r a y  
t e l e scope  could "look" ou t  of t h e  end of t h e  s a t e l l i t e  and scan a g r e a t  
c i r c l e  on t h e  c e l e s t i a l  sphere each t i m e  t h e  payload tumbled (FIG. 5). 
I n  o rde r  t o  f a c i l i t a t e  t h i s  conversion from i n i t i a l  s p i n  mode t o  t h e  f i n a l  
tumble mode, t he  fou r th  s t a g e  rocket  w a s  l e f t  a t t a c h e d  t o  t h e  payload, 
rendering t h e  i n i t i a l  sp in  a x i s  even more u n s t a b l e  (FIG. 6 ) .  I n  add i t ion ,  
a s p e c i a l  double-walled s t a i n l e s s  s teel  c y l i n d e r  with l i q u i d  mercury 
between t h e  walls w a s  a t t ached  t o  t h e  f o u r t h  s t a g e  rocke t  (FIG. 7 and 8). 
The purpose of t h e  mercury w a s  t o  h e l p  d i s s i p a t e  t h e  energy which must 
be  l o s t  as the payload changes modes of s p i n  and thus decrease t h e  
length of time r equ i r ed  f o r  t h e  change. 
any nu ta t ions  which occurred a f t e r  t h i s  f i n a l  tumble s i t u a t i o n  was 
reached (3).  

The mercury a l s o  damped o u t  

The need f o r  temperature c o n t r o l  of  t h i s  payload a r o s e  from t h e  
thermal s e n s i t i v i t y  of t he  instrumentat ion and b a t t e r i e s .  
w a s  designed such t h a t  t he  temperature of t h e s e  components would remain 
w i t h i n  t h e  range of  0" t o  60" C. 

The payload 

The temperature of an o b j e c t  i n  a vacuum, such as space, i s  de- 
termined by the r a d i a t i o n  exchange with i t s  environment and any i n t e r n a l  
energy conversion t o  o r  from heat.  
t h e  major r a d i a t i o n  environment i s  made up of d i r e c t  s o l a r  r ad ia t ion ,  
r e f l e c t e d  so la r  r a d i a t i o n  from t h e  ea r th ,  e a r t h  i n f r a r e d  r a d i a t i o n ,  and 
r e f l e c t e d  and i n f r a r e d  r a d i a t i o n  from t h e  sa te l l i t e .  Thus f a r ,  i n t e r n a l  
energy conversion t o  o r  from h e a t  i n  most s a t e l l i t e s  has  been l i m i t e d  t o  
ohmic h e a t  generation. 

I n  t h e  c a s e  of a nea r -ea r th  satel l i te ,  

The amount of hea t  e n t e r i n g  a s a t e l l i t e  v a r i e s  throughout a r e v o l u t i o n  
as t h e  payload passes through t h e  e a r t h ' s  shadow, changes a l t i t u d e  and 
e a r t h - f i x e d  a t t i t u d e ,  and v a r i e s  i n  angular  d i s t a n c e  from t h e  subso la r  
p o i n t  on the  ea r th .  
changes i n  the plane of  t he  o r b i t  with r e s p e c t  t o  t h e  sun and t h e  ea r th ,  
t h e  argument o f  per igee,  t h e  percent  of t h e  o r b i t  i n  sun l igh t ,  and t h e  
s o l a r  a t t i t u d e  of t h e  payload. The amount of h e a t  leaving t h e  payload 
v a r i e s  s o l e l y  as t h e  fou r th  power of t he  temperature of  t h e  r a d i a t i n g  
surface.  This i s  under t h e  assumption t h a t  t h e r e  are no changes i n  t h e  
amount o r  surface c h a r a c t e r i s t i c s  of t h e  e x t e r n a l  area. 

A much slower e f f e c t  on h e a t  input  occurs with 

The i n t e r n a l  h e a t  generat ion f o r  t h e  S-15 payload w a s  less than 1 
' w a t t .  Almost a l l  of t h i s  h e a t  w a s  produced i n  t h e  area o f  t h e  t r ans -  
m i t t e r  and caused only a few degrees r i se  i n  t h e  temperature of t h e  
nearby instrumentation. 
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FIGURE 8. MERCURY DAMPER ATTACHED TO FOURTH STAGE ROCKET 
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SECTION 11. THERMAL DESIGN PHILOSOPHY 

Pre l iminary  s t u d i e s  determined t h a t  t h e  pas s ive  methods of temper- 

This is, while  the  temperature of  t h e  s k i n  of t h e  pay- 
a t u r e  c o n t r o l  used on e a r l i e r  Explorer s a t e l l i t e s  would s u f f i c e  f o r  t h i s  
payload (5-10). 
load  f l u c t u a t e d  widely dur ing  a revolu t ion  a s  t he  n e t  amount of h e a t  
e n t e r i n g  t h e  payload changed, t h e  time-average temperature w a s  con- 
t r o l l e d  by proper  s e l e c t i o n  o f  t h e  r a d i a t i v e  c h a r a c t e r i s t i c s  of t h e  
sur faces .  The temperature f l u c t u a t i o n s  w e r e  damped ou t  from t h e  thermal ly  
s e n s i t i v e  components by t h e  use  of thermal insu la t ion .  The temperature- 
s e n s i t i v e  components w e r e  l oca t ed  i n  e i t h e r  t h e  MSFC instrument  package 
o r  the MIT package. Both packages w e r e  mounted on Kel-F o r  f i b e r g l a s s  
space r s  t o  reduce conduction t r a n s f e r  t o  t h e  s k i n  and were h igh ly  pol i shed  
t o  prevent  r ad ia t ion .  ' . All p a r t s  of t h e  s a t e l l i t e  which could "see" e i t h e r  
o f  these packages w e r e  a l s o  pol ished t o  reduce r a d i a t i o n  t r a n s f e r .  
i n s u l a t i o n  is  e s p e c i a l l y  important i n  t h i s  type of payload because of t h e  
p o s s i b i l i t y  of  occasions when l a rge  temperature  g rad ien t s  (AT = 100OC) 
w i l l  exist  around t h e  long i tud ina l  a x i s  of t he  payload. These g rad ien t s  
are caused when t h e  a t t i t u d e  of the  satel l i te ,  with r e spec t  t o  t h e  sun, 
i s  such t h a t  t h e  sun i s  perpendicular  t o  t h e  p lane  of f l a t  spin. I f  
t h e  s p i n  ra te  about t h e  long i tud ina l  a x i s  reaches zero, t h e  sun would 
r a d i a t e  on j u s t  one s i d e  of t h e  payload causing a l a r g e  gradient .  
s u f f i c i e n t  i n su la t ion ,  however, the  thermal l inkage  between t h e  s e n s i t i v e  
components and t h e  s k i n  can be made much smal le r  than t h e  thermal t r a n s f e r  
w i t h i n  the components, a l lowing the components t o  be f a i r l y  i so thermal  
r e g a r d l e s s  of  t h e  l a r g e  g rad ien t s  e x i s t i n g  around t h e  skin. 

Thermal 

With 

Although t h e  i n s u l a t i o n  damps out  most of t h e  f l u c t u a t i o n s  dur ing  
one revolu t ion ,  it i s  not  s u f f i c i e n t  t o  damp ou t  t h e  v a r i a t i o n s  i n  t h e  
average va lue  of  t h e  s k i n  temperature over a per iod  of s e v e r a l  days. 
Consequently, t h e r e  i s  a slow day-to-day v a r i a t i o n  i n  t h e  temperature  of  
the s e n s i t i v e  components. 

The proper  r a d i a t i n g  c h a r a c t e r i s t i c s  o f  t h e  e x t e r n a l  su r f aces  w e r e  
ob ta ined  by a n a l y t i c a l  j ugg l ing  of  t h e  var ious  s u r f a c e  f i n i s h e s  u n t i l  
t h e  d e s i r e d  o v e r - a l l  combination was obtained. The va r ious  su r faces  
included: s o l a r  c e l l s ,  cement containing a white  p a i n t ,  anodized mag- 
nesium, sandblas ted  aluminum, pol ished aluminum, black pa in t ,  and a 
s p e c i a l  .''Tabor" - type f i n i s h  (TABLE I ) .  

I n  a d d i t i o n  t o  the  e x t e r n a l  su r f ace  t reatment  and t h e  thermal 
i n s u l a t i o n  of the s e n s i t i v e  components, o t h e r  s t e p s  w e r e  taken i n  t h e  
thermal  design of S-15. A l l  a r e a s  which could r a d i a t e  t o  each o t h e r  i n  
t h e  c a v i t y  between t h e  s o l a r  c e l l  p l a t e s  and t h e  o u t s i d e  of  t h e  s h e l l  
cy l inde r  conta in ing  t h e  MIT package were pa in t ed  wi th  a h igh  e m i s s i v i t y  
whi te  p a i n t  (FIG. 9). 
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FIGURE 9. I N T E R N A L  VIEW OF SOLAR CELL "BOX" MTP-RP-61-17 
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T h i s  w a s  done i n  order  t o  f a c i l i t a t e  t h e  equa l i za t ion  of t h e  s k i n  temper- 
a ture .  
c y l i n d e r  was pa in ted  with t h e  high emiss iv i ty  pa in t ,  as w e l l  a s  t h e  out-  
s i d e  of t h e  s h e l l  cy l inde r  underneath t h e  antenna can. A t h i n  Kel-F 

. spacer  was p laced  between the  poin ts  of con tac t  of t he  antenna cy l inde r  
and t h e  fou r th  s t a g e  t o  a i d  i n  thermally i n s u l a t i n g  t h e  motor case  from 
t h e  rest of t h e  payload. 

For t h e  same reason, t h e  i n s i d e  of t h e  108 and 138 mc antenna 

TABLE I 

EXTERNAL SURFACE FINISHES 

AREA 

S o l a r  C e l l  P l a t e s  

S o l a r  c e l l s  
Anodized magnesium 
Cement 

H e a t  Balance S t r i p s  

"Tabor" s u r f  ace  

Top P l a t e  

Pol i shed  aluminum 

Mercury Damper 

"Tabor" s u r f a c e  

Motor Case 

0.80 
0.88 
0. 30 

0.9 

0. 2 

0.9 

White p a i n t  between s h e l l  loop antenna can 0. 25 
Black p a i n t  0.95 

A l l  Other Major Areas 

Sandblasted aluminum 0.51 

E 

0.40 
0.93 
0.80 

0.4 

0.08 

0.4 

0.8 
0.90 

0.32 



I 14 

SECTION 111. THEORETICAL CALCULATIONS 

Two t h e o r e t i c a l  temperature programs were set up on t h e  IBM 7090 
computer a s  an a n a l y t i c a l  a i d  i n  completing t h e  thermal design of t h e  
payload (11). I n  both programs, t h e  s a t e l l i t e  w a s  broken up i n t o  sec- 
t i o n s  which s e r e  assumed t o  be isothermal. 
assumed t h a t  t h e  s a t e l l i t e  had s u f f i c i e n t  s p i n  about i t s  l o n g i t u d i n a l  a x i s  
t o  equa l i ze  the temperatures about t h i s  a x i s  and, consequent ia l ly ,  o n l y  
t h i r t e e n  sec t ions  were chosen. 
t h a t  t h e  sp in  about t h e  long i tud ina l  a x i s  w a s  zero, and twenty-two sec- 
t i o n s  were used. 
ing form w a s  w r i t t e n  f o r  each section: 

I n  t h e  f i r s t  program, i t  w a s  

I n  the  second program, it w a s  assumed 

I n  both programs, a h e a t  balance equat ion of t h e  follow- 

? . H .  = A .a.SD + A  .a. BSgD2 + A  .E. ESg 
1 1  11 1 1 21 1 31 1 

r 1 

- A 4 i ~ i  aTi4 + C I R .  .(T: - '4) + C . (T - T i ) j  
J 1 J  i~ j 

where 

Ti = temperature of area "i" 

Hi 

A = e f f e c t i v e  area t o  s o l a r  r a d i a t i o n  

ai = s o l a r  a b s o r p t i v i t y  

S = s o l a r  r a d i a t i o n  f l u x  

= heat  capac i ty  

ii 

D1 = 

A2i  

B = r a t i o  of e a r t h  albedo f l u x  t o  s o l a r  r a d i a t i o n  f lux  

1 when s a t e l l i t e  i s  i n  sun l igh t ,  0 when i n  shadow 

= e f f e c t i v e  area t o  e a r t h  albedo 

g = a l t i t u d e  f a c t o r  

D = f a c t o r  based on angular d i s t a n c e  of s a t e l l i t e  from 
subsolar  p o i n t  on e a r t h  
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A = e f f e c t i v e  a rea  

E = r a t i o  of e a r t h  

A = r a d i a t i n g  a rea  

s i  

4 i  

t o  ea r th  i n f r a r e d  r a d i a t i o n  

i n f r a r e d  f l u x  t o  s o l a r  r a d i a t i o n  f l u x  

cs = Boltzmann cons tan t  

R i j  

'ij 

T = temperature  of  a r e a  "j" 

Qi 

E' = i n f r a r e d  emis s iv i ty  

= r a d i a t i o n  cons tan t  between a r e a s  I 1 i "  and "j" 

= conduction cons tan t  between a reas  "i" and j" 

j 
= i n t e r n a l  hea t  generat ion 

This  group of  nonl inear  d i f f e r e n t i a l  equat ions w a s  then numerical ly  
so lved  throughout t h e  complete orb i t .  By us ing  t h e  computer program, t h e  
external su r faces  and i n t e r n a l  i n s u l a t i o n  could be  determined. The pro- 
gram is  a l s o  used i n  eva lua t ing  the temperature d a t a  recorded from 8 
t h e r m i s t o r s  on t h e  s a t e l l i t e ,  and the  da t a  obta ined  during thermal t e s t ing .  

SECTION I V .  THERMAL TESTING 

A proto type  of  t h e  payload was sub jec t ed  t o  two types of thermal 
tests i n  order  t o  check the var ious  thermal t r a n s f e r  c o e f f i c i e n t s  and 
thermal  time constants .  
a uniform temperature of about -20°C. Then, while  i n  a vacuum of  5 x 

of  7OoC and t h e  temperatures  of var ious p a r t s  of  t h e  instrument  package 
w e r e  recorded. From t h e s e  tests, it was p o s s i b l e  t o  g e t  t h e  o v e r - a l l  
thermal t r a n s f e r  c o e f f i c i e n t s  between va r ious  p a r t s  of t h e  instrument  
package and t h e  skin. 

One t e s t  cons is ted  of cool ing  t h e  pro to type  to 

111111 Hg, o r  b e t t e r ,  t h e  o u t s i d e  su r faces  were r a i s e d  t o  a temperature 

I n  the  second set of tests, a n  a c t u a l  o r b i t a l  s i t u a t i o n  w a s  simu- 
la ted.  A s  discussed  e a r l i e r ,  when t h e  payload is i n  o r b i t ,  it i s  de- 
s igned  t o  go i n t o  a f l a t  p r o p e l l e r - l i k e  tumble wi th  t h e  s p i n  around t h e  
long i tud ina l  axis decreasing t o  zero. Therefore,  a "worst" s i t u a t i o n  
w a s  s imulated i n  which t h e  sun would "see" t h e  payload a t  an angle  per- 
pendicular  t o  t h e  p lane  of f l a t  spin and i n  which t h e  p o s i t i o n  of t h e  
l o n g i t u d i n a l  o r i e n t a t i o n  was such tha t  t h e  sun w a s  a l s o  perpendicular  t o  
one s i d e  of t h e  s o l a r  c e l l  box. T h i s  i s  a s i t u a t i o n  i n  which t h e  l a r g e s t  
temperature  g rad ien t s  around t h e  long i tud ina l  a x i s  should occur. 



With a vacuum p u l l e d  and t h e  payload a t  ambient temperature, h e a t  w a s  
app l i ed  t o  those areas t h a t  t h e  sun would "see" a t  t h i s  s o l a r  a t t i t u d e  
angle. By use of the  t h e o r e t i c a l  temperature computer program, cal- 
c u l a t i o n s  were made t o  determine t h e  n e t  amount of h e a t  t o  apply t o  t h e s e  
s u r f a c e s  as a funct ion of t h e i r  temperatures. A s  t h e  s u r f a c e  temperatures 
increased, t h e  h e a t  inputs  were decreased t o  t h e  p o i n t  t h a t  t h e  h e a t  
e n t e r i n g  t h e  su r faces  no longer increased t h e  s u r f a c e  temperatures and 
w a s  conducted and r a d i a t e d  t o  t h e  unheated p a r t s  of  t h e  prototype which 
were allowed t o  r a d i a t e  f r ee ly .  Thus, a s t eady  s t a t e  condition, ve ry  close 
t o  t h a t  i n  space p rev ious ly  described, was establ ished.  Gradients  were 
obtained between va r ious  p a r t s  o f  t h e  satell i te,  and with a knowledge o f  
t h e  h e a t  input, t h e  thermal t r a n s f e r  c o e f f i c i e n t s  were determined. 

The tes ts  were conducted i n  t h e  same manner as those f o r  S-1, S-46, 
S-30, and S-45 payloads (12, 8, 9, 10). The tes t  requirements were 
s p e c i f i e d  t o  t h e  Electro-Mechanical Branch of Guidance and Control  
D iv i s ion  and made a p a r t  of t h e  t es t  s p e c i f i c a t i o n s .  A d e t a i l e d  procedure 
w a s  se t  up by t h e  E-M Branch us ing  the  same method of  blanket  hea t ing  and 
l i q u i d  ni t rogen cool ing a s  used i n  t h e  ear l ie r  thermal tests. 

The vacuum requirement w a s  m e t  by running t h e  tests i n  a l a r g e  
chamber (located i n  t h e  S&M Division) capable of a t t a i n i n g  a p re s su re  of 
about 3 x mm Hg (FIG. 10). The payload w a s  i n i t i a l l y  cooled by 
running l i q u i d  n i t rogen  i n t o  a s p e c i a l  double-walled l i n e r  which had 
been b u i l d  i n t o  t h e  vacuum chamber (FIG. 11). The l i n e r  covered a l l  w a l l s  
of t h e  chamber and h a l f  of t h e  door; t h e  o t h e r  h a l f  w a s  covered with 
aluminum fo i l .  I n  t h e  o r b i t a l  s imulat ion t e s t  (half-blanket  test) t h i s  
l i n e r  w a s  used t o  s imula t e  t h e  p e r f e c t  r a d i a t i o n  h e a t  s i n k  of  space. 
The l i n e r  was f i l l e d  with l i q u i d  n i t rogen  and r a d i a t e d  very l i t t l e  h e a t  
t o  t h e  payload. By coa t ing  i t s  i n s i d e  s u r f a c e  with a s p e c i a l  black carbon 
pa in t ,  t h e  hea t  r a d i a t e d  from t h e  payload was almost e n t i r e l y  absorbed. 
A t es t  w a s  conducted t o  determine how w e l l  t h i s  combination of  low temper- 
a t u r e  and high a b s o r p t i v i t y  simulated a p e r f e c t  r a d i a t i o n  h e a t  sink. A 
sphere w a s  coated with a p a i n t  of known e m i s s i v i t y  (FIG. 1 2  and 13) and 
suspended i n s i d e  t h e  vacuum chamber. A f t e r  a vacuum had been p u l l e d  and 
t h e  l i n e r  f i l l e d  with l i q u i d  nitrogen, t h e  sphere was heated by means o f  
a blanket  placed i n s i d e  i t  (FIG. 14). By monitoring t h e  cu r ren t  and 
vol tage,  a given amount of  power w a s  fed i n t o  t h e  blanket.  It w a s  assumed 
t h a t  upon reaching a s t eady  s t a t e  condition, a l l  of t h e  e l e c t r i c a l  power 
w a s  converted i n t o  hea t  and r a d i a t e d  from t h e  sphere. I f  one knows t h e  
amount t o  be r ad ia t ed ,  t h e  r a d i a t i n g  area of t h e  sphere,  and t h e  
e m i s s i v i t y  of t he  area,  i t  is  p o s s i b l e  t o  c a l c u l a t e  t h e  temperature of  
t h e  sphere 's  s u r f a c e  i f  i t  were r a d i a t i n g  t o  a p e r f e c t  r a d i a t i o n  h e a t  
sink. These t h e o r e t i c a l  values  are shown along with t h e  a c t u a l  measured 
values  i n  FIGURE 15. A s  can be seen, t h e  l i n e r  i s  a very good r a d i a t i o n  
h e a t  s i n k  and f o r  t h e  thermal t e s t i n g  i s  assumed t o  be period. 

~ 
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Cooling w a s  accomplished with t h e  a i d  of  convection by f i l l i n g  t h e  
vacuum chamber wi th  dry ni t rogen.  
about  -2OoC, t h e  dry n i t rogen  was pumped out  and t h e  h e a t  app l i ed  us ing  
s p e c i a l l y  designed f i t t e d  b lankets  ( F I G .  1 6  and 17). During the  o r b i t a l  
s imula t ion  tests, t h e  a c t u a l  h e a t  input was c o n t r o l l e d  by monitoring t h e  
b l anke t  c u r r e n t  and us ing  f o i l  r e f l e c t o r s  ( F I G .  18). During t h e s e  tests, 
up t o  46 thermocouples and 4 thermis tors  were a t t ached  t o  t h e  payload, 
h e a t e r  blankets ,  and hea t  s ink  t o  record t h e i r  temperatures.  Using a 
s t epp ing  switch, t h e  thermocouple readings were d i g i t a l l y  recorded ( F I G .  
19) i n  t h e  con t ro l  room where the  con t ro l s  of t h e  b lanket  c i r c u i t s  were 
located.  The loca t ions  of t h e  thermocouples and the rmis to r s  are i n  
TABLE 11. 

When t h e  temperatures equal ized  a t  

Some of t h e  r e s u l t s  from a " f u l l  blanket" test  where h e a t  w a s  app l i ed  
t o  a l l  e x t e r n a l  su r f aces  a r e  given i n  FIGURE 20. The sharp r ise i n  
temperature  imposed on t h e  s h e l l  of t h e  pro to type  i s  shown by the  curves 
l a b e l e d  TC-10, 25. The i n s u l a t i o n  o f  t h e  Marshall package (TC-2) and t h e  
MIT package (TH-1) i s  ev ident  by t h e i r  slow response t o  t h e  inc rease  i n  
temperature.  A s  can be seen, t h e  t i m e  cons tan ts  ( t ime f o r  g rad ien t  t o  
dec rease  by one-half)  f o r  t h e  Marshall and MIT packages are about 8 t o  
16 hours  (ex t rapola t ing) ,  respec t ive ly .  

Some of  t h e  r e s u l t s  of t he  o r b i t a l  s imula t ion  test  ("half-blanket") 
a r e  shown i n  F I G U R E  21. A t  time t = 0, a vacuum had a l ready  been pu l l ed  
and the payload was a t  ambient temperature. The process  of f i l l i n g  t h e  
l i n e r  wi th  l i q u i d  n i t rogen  was begun and a t  t = 50 minutes; t h e  b lankets  
were turned  on. The near  s teady  s t a t e  condi t ion  reached a f t e r  approxi- 
mately f i v e  hours running t ime, indicates  t h e  amount of hea t  t r a n s f e r  
a c r o s s  t h e  payload. Despi te  t he  l a rge  g rad ien t s  across  t h e  payload, it 
w a s  found tha t ,  due t o  t h e  insu la t ion ,  t h e r e  w a s  only a r e l a t i v e l y  small 
g r a d i e n t  ac ross  the  instrument  packages. 

S ince  b lankets  were used a s  the h e a t  source  in s t ead  of  a type of 
s o l a r  r a d i a t i o n  s imulat ion,  t he  so l a r  a b s o r p t i v i t y  of t he  su r faces  
dur ing  t h e s e  tests could no t  be checked. This  was accomplished by 
making e m i s s i v i t y  and r e f l e c t i v i t y  measurements on s p e c i a l l y  prepared 
samples. 
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TABLE I1 

LOCATION OF THERMOCOUPLES 

Thermocouple 
(No . ) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 

Top of Tape Recorder 
Tracking Transmit ter  Deck 
I n s i d e  Ba t t e ry  
Bot tom D i s  t r  i b u t o r  
Top MIT Package (outs ide)  
Middle MIT Package (outs ide)  . . . . . . . . . .  
Middle MIT Package (outside) . . . . . . . . . .  
Bottom MIT Package (outs ide)  
Near Top End S h e l l  MSFC Pkg . ( in s ide )  . . . . .  
Near Top End S h e l l  MSFC Pkg . ( inside)  . . . . .  
Near Bottom End S h e l l  MSFC Pkg . ( inside)  . . . .  
Near Bottom End S h e l l  MSFC Pkg . ( in s ide )  . . . .  
Near Top End S h e l l  M I T  Pkg . ( in s ide )  . . . . . .  
Near Top End S h e l l  MIT Pkg . ( in s ide )  . . . . . .  
Near Bottom End S h e l l  MIT Pkg . ( in s ide )  . . . .  
Near Bottom End S h e l l  MIT Pkg . ( in s ide )  . . . .  
Near Bottom End So la r  C e l l  Box (outs ide)  . . . .  
Near Bottom End Solar  C e l l  Box (outside) . . . .  
Near Bottom End So la r  C e l l  Box (outs ide)  . . . .  
Near Bottom End So la r  C e l l  Box (outs ide)  . . . .  
Near Bottom End So la r  C e l l  Box . . . . . . . . .  
Near Bottom End So la r  C e l l  Box . . . . . . . . .  
Near Bottom End Solar  C e l l  Box . . . . . . . . .  
Near Bottom End So la r  C e l l  Box . . . . . . . . .  
Heat Balance S t r i p  (inside2 . . . . . . . . . .  
Heat Balance S t r i p  ( i n s ide )  . . . . . . . . . .  
Heat Balance S t r i p  ( inside)  . . . . . . . . . .  
Heat Balance S t r i p  ( inside)  . . . . . . . . . .  
Base of Tabor Sensor 
T r a n s i t i o n  Cone . . . . . . . . . . . . . . . .  
T r a n s i t i o n  Cone . . . . . . . . . . . . . . . .  
Antenna Gap . . . . . . . . . . . . . . . . . . .  
Antenna Gap . . . . . . . . . . . . . . . . . .  
Sola r  C e l l  Disc . . . . . . . . . . . . . . . .  
Solar  C e l l  Disc . . . . . . . . . . . . . . . .  
Removable Sh ie ld  
LN2 Heat Sink 

Location 
(0  'clock) 

12: 00 
6: 00 

12: 00 
6: 00 

12: 00 
6: 00 

12: 00 
6: 00 

12: 00 
6: 00 

12: 00 
3: 00 
6: 00 
9: 00 

12: 00 
3: 00 
6: 00 
9: 00 
1: 30 
4: 30 
7: 30 

10: 30 

12: 00 
6: 00 

12: 00 
6: 00 

12: 00 
6: 00 



25 

TABLE I1 (Cont'd) 

I -  Thermocouple 
(No. 1 

38 
39 
40 
41 
42 
43 
44 
45 
46 

42 Number 1A Heater Blanket (Half Blanket T e s t )  
43 Number 2A Heater Blanket (Half Blanket T e s t )  
44 Aluminum F o i l  S h i e l d  
45 Aluminum F o i l  S h i e l d  
46 Aluminum F o i l  S h i e l d  

Location 
(0  ' clock) 

LN2 Heat Sink 
LN2 Heat Sink 
LN2 H e a t  Sink 
LN2 Heat Sink 
Number 1 Heater Blanket ( F u l l  Blanket T e s t )  
Number 2 Heater Blanket ( F u l l  Blanket T e s t )  
Number 3 Heater  Blanket (Fu l l  Blanket T e s t )  
Number 4 Heater Blanket (Fu l l  Blanket T e s t )  
Number 5 Heater Blanket (Fu l l  Blanket T e s t )  

- Note: There were 4 t he rmis to r  measurements: 3 i n  t h e  MIT package, and 
1 on t h e  s p e c i a l  temperature sensor disc.  

I -  

* 
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SECTION V. RESULTS 

The S-15 payload was placed i n  o r b i t  on A p r i l  27, 1961 by t h e  
Juno I1 vehicle,  AM-19E (FIG. 22), and was designated Explorer X I ,  1961 
Nu. 

The spin mode of t he  s a t e l l i t e  was expected t o  change from t h e  
o r i g i n a l  spin about t h e  l o n g i t u d i n a l  a x i s  t o  t h e  f l a t  "propel ler- l ike"  
tumble i n  a matter  of hours o r  perhaps, a t  most, a few days. However, 
t h i s  change of mode did not  t ake  p l ace  u n t i l  about t h r e e  weeks a f t e r  
launch. It has been determined t h a t  t h i s  delay w a s  caused by energy 
inpu t  from the t ape  r eco rde r  (13) .  A t  f i r s t ,  i t  was thought t h a t  t h e  
mercury i n  the damper had frozen and rendered i t  u s e l e s s  f o r  energy 
d i s s ipa t ion .  However, ' this could not  be t h e  case so long a s  t h e  coat-  
ings on t h e  motor case and t h e  damper remained a s  they were a t  launch. 
The temperature of t h e  damper w a s  no t  monitored, but  t h e  temperature 
of t h e  motor case was, and i t  can be shown t h e o r e t i c a l l y  t h a t  f o r  t h e  
temperature of t he  damper t o  f a l l  below t h e  f r eez ing  p o i n t  of  mercury 
(-38.87"C), t h e  average temperature of t h e  motor case would have t o  
f a l l  below -100°C. A s  can be seen from t h e  da t a  i n  FIGURE 23, t h e  
average temperature of  t h e  motor case d id  not  f a l l  below approximately 
-5OoC, with t h e  minimum va lue  during a r evo l tu ion  being g r e a t e r  than -70°C. 

Eight  temperature measurements a r e  being made (us ing  thermistors)  
and telemetered from the  s a t e l l i t e .  The l o c a t i o n  of  t h e  measurements 
are: (l), (2), and (3) i n s i d e  M I T  package, (4 )  i n s i d e  b a t t e r y  i n  
Marshall  package, (5) s o l a r  c e l l  patch on s o l a r  c e l l  Itbox", (6) s o l a r  
c e l l  patch on s o l a r  c e l l  disc ,  (7) s p e c i a l  thermally i s o l a t e d  disc ,  and 
(8) motor case. 

Analysis of t h e  temperature da t a  i n d i c a t e d  t h a t  t h e  long i tud ina l  
axis about which t h e  s a t e l l i t e  was spinning w a s  no t  remaining space- 
fixed, but precessing a t  a r a t e  of approximately 10 t o  15 degrees a day. 
I f  t h e  momentum vec to r  o f  t h e  s a t e l l i t e  had remained space-fixed, t h e  
a t t i t u d e  with r e s p e c t  t o  t h e  sun would have changed a t  a m a x i m u m  ra te  of  
less than 1' a day (FIG. 24). Temperature measurements i n d i c a t e  t h a t  
while  t h e  s a t e l l i t e  w a s  i n i t i a l l y  almost broadside t o  t h e  sun, p recess ion  
occurred which caused t h e  top end of t h e  s a t e l l i t e  t o  move i n  t h e  
d i r e c t i o g  of t h e  sun. FIGURE 25 shows t h e  average va lue  o f  t h e  motor case 
temperature (during t h e  f i r s t  15 minutes a f t e r  t h e  s a t e l l i t e  comes ou t  
of  t h e  e a r t h ' s  shadow) a s  a func t ion  of  t i m e  a f t e r  launch. It can be 
seen t h a t  t h i s  average va lue  decreases and passes  through a minimum on 
about May 1, 1961. Since t h e  percent  of  t h e  o r b i t  i n  s u n l i g h t  (FIG. 26) 
and o t h e r  o r b i t a l  parameters are f a i r l y  cons t an t  during t h i s  t i m e ,  it 
appears t h a t  t h i s  change i n  temperature i s  due t o  t h e  payload's exposing 
less o f  i t s  s u r f a c e  a r e a  t o  t h e  sun. This  is f u r t h e r  s u b s t a n t i a t e d  by t h e  
average temperature o f  t h e  s p e c i a l  thermally i s o l a t e d  d i s c  which i s  
mounted on the top end of t h e  s a t e l l i t e .  
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FIGURF: 22. JUNO PI VEHICLE MTP-RP-61- 17 
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FIGURE 27 shows t h a t  t he  average temperature of t h e  sensor  passed through 
a m a x i m u m  a t  t h e  same t i m e  t he  motor case w a s  pass.ing through a minimum. 
This  a l s o  ind ica t e s  t h a t  t h e  top end o f  t he  payload approached t h e  
d i r e c t i o n  of t h e  sun, The temperature  of t h e  s o l a r  c e l l  pa tch  on t h e  
s i d e  of t h e  s o l a r  c e l l  "box" and t h e  motor case  went through a minimum 
(FIG. 28) a t  t h e  same time, while  t he  temperature of t he  patch on t h e  
s o l a r  c e l l  d i s c  remained unaf fec ted  by t h e  a t t i t u d e  changes. This  w a s  
due t o  t h e  inc rease  i n  s o l a r  r a d i a t i o n  t o  t h e  d i s c  as t h e  top  end 
approached the  sun, being counterbalanced by a g r e a t e r  hea t  loss t o  t h e  
co lder  s o l a r  .cell  box. 

The temperatures of t he  MIT and Marshal l  packages (FIG. 29) a l s o  
went through a minimum a s  t h e  top end of t h e  s a t e l l i t e  passed c l o s e  t o  
t h e  sun. 
s i d e  t o  t h e  sun and as the  percent  of t he  o r b i t  i n  s u n l i g h t  increased  
(FIG. 26). 

Then, they went through a maximum when t h e  payload w a s  broad- 

On t h e  e ighteenth  day a f t e r  launch, t h e  s h i e l d  covering t h e  top end 
of t h e  MIT package was blown o f f .  
cause f o r  the  rise i n  temperature of t h e  MIT package which s t a r t e d  on 
t h a t  date. A t  about t he  same t i m e ,  t h e  s a t e l l i t e  s t a r t e d  i n t o  a f l a t  
tumble (13), and on about t h e  twenty-s ixth day a f t e r  launch, t h e  change 
i n  s p i n  mode was completed. 
components has  remained w e l l  w i th in  t h e  d e s i r e d  boundaries; t h e  major 
f l u c t u a t i o n s  are due t o  precess ion  of  t h e  p lane  of tumble with r e spec t  
t o  t h e  sun. A t t i t u d e  s t u d i e s  (14) show t h e  temperature  f l u c t u a t i o n s  
t o  be i n  phase with t h e  f l u c t u a t i o n s  of t h e  s o l a r  a spec t  angle. 

This  i s  be l ieved  t o  have been t h e  

From then on t h e  temperature of t h e  s e n s i t i v e  

SECTION V I .  RESULTS OF SPECIAL TEMPERATURE MEASUREMENTS 

There were two s p e c i a l  temperature measurements on Explorer  XI: 

Both measurements were of a r e a s  which were 
one, a measurement on the  motor case; t h e  o ther ,  a measurement on the  
thermally i s o l a t e d  disc.  
somewhat thermally i s o l a t e d  from t h e  r e s t  of t h e  s a t e l l i t e .  The motor 
c a s e  was i s o l a t e d  by means of t h e  f i b e r g l a s s  antenna gap between i t  and 
t h e  payload,'Kel-F spacers  between i t  and t h e  antenna can, and f i b e r g l a s s  
between it  and t h e  mercury damper. 
i s o l a t e d  by mounting it i n  a s p e c i a l  housing (FIG. 30) on top of a Kel-F 
stem. 
w e l l  def ined o b j e c t  i n  space, The secondary purpose of t h e  measurements 
was t o  t r y  t o  determine the e f f e c t s  of  t h e  space environment on a s p e c i a l  
coa t ing  which would be of use  i n  t h e  thermal design of f u t u r e  s a t e l l i t e s ,  
probes, and vehic les .  
pigmented a i r - d r y  s i l i c o n e  (15) developed and app l i ed  by Mr. G. Z e r l a u t ,  
S t r u c t u r e s  and Mechanics Division, while  t h e  aluminum d i s c  was coated 
f i r s t  with a 1 1/2-wavelength th ickness  of SiO; then 200 angstroms of  
germanium; and f i n a l l y  a 1/44wavelength th ickness  of  S i 0  by Dr. G. Hass 
and M r .  Bradford of t he  Corps of Engineers, Ft. Belvoir ,  Virginia .  

The 1 l l 2 - i n c h  aluminum d i s c  was 

Both measurements were p r imar i ly  f o r  t h e  thermal s t u d i e s  of a 

The motor case  w a s  pa in t ed  wi th  a white  z i n c  s u l f i d e  
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A s  w a s  expected, t h e  whi te  pa in t  on t h e  motor case  caused t h e  
temperature  t o  run  low (FIG. 23). 
been hampered by lack  of accu ra t e  s o l a r  a spec t  da t a  during t h e  f i r s t  
two weeks i n  o r b i t .  During t h e  l a t e r  per iod,  when t h e  a spec t  angles  
are known, s t r o n g  temperature g rad ien t s  around t h e  motor case  caused 
by the long i tud ina l  s p i n  reducing to  zero  make t h e  a n a l y s i s  o f  t h e  thermal 
d a t a  d i f f i c u l t .  It i s  f e l t  t h a t  a d d i t i o n a l  work w i l l  make p o s s i b l e  
d e f i n i t e  conclusions concerning the  e f f e c t s  of t h e  space environment on 
t h e  pa in t .  

A d e t a i l e d  a n a l y s i s  of t h e  da t a  has  

The coa t ing  on t h e  thermally i s o l a t e d  aluminum d i s c  has a s o l a r  
a b s o r p t i v i t y  t o  i n f r a r e d  emiss iv i ty  r a t i o  of 6.6 (8) which caused t h e  
temperature  of  t h e  d i s c  t o  run high (FIG. 31). The major block i n  t h e  
a n a l y s i s  of t h i s  da t a  w a s  t h e  lack of knowledge of  j u s t  how thermally 
i s o l a t e d  t h e  thermal ly  i s o l a t e d  d i sc  is. Measurements have been made 
(16) and t h e  r e s u l t s  w i l l  soon be incorpora ted  i n t o  t h e  a n a l y s i s  of 
t h e s e  data. 

. 
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